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esponsibility of ChiAbstract Constructing simply nanostructured zero-, one-, and two-dimensional crystallites into three-
dimensional multifunctional assemblies and systems at low-cost is essential and highly challenging in
materials science and engineering. Compared to the simply nanostructured components, a three-dimensional
(3D) complex made with a precisely controlled spatial organization of all structural nanocomponents can
enable us to concert functionalities from all the nanocomponents. Methodologically, so doing in nm-scales
via a solution chemistry route may be much easier and less expensive than via other mechanisms. Hence, we
discuss herein some recent advances in multistep solution syntheses of nanostructured 3D complexes of
semiconductors with a focus mainly on their synthetic strategies and detailed mechanisms.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
During the past a few decades, nanostructured inorganic semi-
conductors with a wide range of structural complexities have been
extensively researched. This is mainly because of their tunableearch Society. Production and hostin
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nese Materials Research Society.chemical/physical properties that are potentially useful in a wide
range of important applications, e.g. nanolasing [1], electronics
[2], optoelectronics [3], catalysis [4], solar cells [5], sensing [6],
separation [7], etc. In comparison with 0D, 1D, and 2D micro/
nanostructures, nanostructured 3D complexes often provide usg by Elsevier B.V. All rights reserved.
ersity of Arkansas, Fayetteville, Arkansas 72701, USA.
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unique complexity in shape, organization, and orientation of their
nanocomponents [10,11]. Firstly, 3D topology really matters in
applied nanoscience. One outstanding example is the use of
inverted pyramid texturing geometry for trapping light effectively
[12] in high-efﬁciency Si solar cells [13]. Hybrid solar cells based
on CdSe nanotetrapods, as another great example, have demon-
strated a higher external quantum efﬁciency (EQE) than that based
on CdSe nanorods [14], due to the extensive intra-crystallite
light scattering and thus-enhanced light absorption of the inter-
penetrating nanotetrapod networks [15]. Under this inspiration,
one should be able to build in theory, much freely by design,
a long list of low-cost multifunctional assemblies and even
systems that can spatially concert functionalities of all the
nanocomponents [16,17]. This indeed calls for new total
nanosyntheses speciﬁcally good for making future multifunctional
crystallites with structural complexities too high to be realized
at low cost by other means, e.g. 3D nanomachining or nanoprint-
ing. In order to materialize a structure- or function-oriented
design, a total nanosynthesis may need to alternate the use of
techniques for mimicking the addition, protection, and elimin-
ation that are routinely used in a typical organic total synthesis.
Compared to high temperature solid-state synthetic methods
such as chemical vapor deposition (CVD) [18], physical
vapor deposition (PVD) [19,20], and vapor–liquid–solid (VLS)
growths [21], solution synthesis offers two main advantages: (1)
the relatively mild reaction conditions allow for easy operation
and wider choices of substrates; (2) reactions could be scaled up
easily at low cost. In literature, multistep solution syntheses of
novel types of nanostructured 3D complexes via a variety of
ways have been reported in a rather sporadic manner. Here,
our discussion will focus on the nanostructured 3D complexes
formed in a stepwise fashion from solution routes, especially those
easy to control and scale up in potential industrial production.
The stepwise syntheses occurred either in consecutive reaction
steps or in a one-pot process. Hence, the discussion will cover
those complex structures grown under the help of templates
and other methods such as micropatterning, photolithography,
and Langmuir–Blodgett (LB) thin-ﬁlm fabrication. In parallel,
complex structures consisting of both semiconductor and non-
semiconductor components will be included in the discussion.
Although heterojunctions are fundamentally different from homo-
junctions and have been widely studied and integrated into
devices for real applications [22], our emphasis will be put more
on their formation mechanisms than on their structure-
related functionalities due to the limit of space here. However,
even within the narrow scope of the above-mentioned focuses,
it is still far from being possible to cover all important works
published in this fast progressing ﬁeld in the relative short
discussion below.2. Nanostructured 3D complexes grown on 0D nanocores:
from multipods to ﬂower-like structures and spheres
Hierarchical structures are classiﬁed according to the dimension-
alities of building units and the consecutive hierarchical structures
[23,24]. However, nanostructured 3D complexes could consist of
multi-nanocomponents with different dimensionalities, the 3D
complex structures reviewed here will be classiﬁed by differentiat-
ing the different combinations of nanocomponents with different
dimensionalities, the orders of topological complexity of the ﬁnalstructures, and the methods employed in their syntheses. In this
section, we will discuss those structures grown on 0D nanocore
materials that could be nuclei, polyhedrons, cubes, or spheres.
As the densities of subsequently grown 1D nanowires or nanorods
increase, the ﬁnal morphologies evolve from multipods, to ﬂower-
like structures, and then to spheres.
Fig. 1a illustrates the stepwise formation and TEM image of
CdTe nanotetrapods [10,11]. Firstly, tetrahedral nuclei of zinc
blende phase formed. Due to the identical nature of the (111)
facets of zinc blende phase and (0001) facets of wurtzite phase,
subsequent epitaxial growth of CdTe legs of wurtzite phase on
four (0001) facets led to the formation of CdTe nanotetrapods.
This mechanism also applies to the formation of other tetrapods
and branched structures [25]. Under other conditions, pyramid
nuclei of wurtzite phase form ﬁrst. These nuclei then aggregate
through multiple wurtzite twinning to form bigger nuclei of
different shapes from which further multiple wurtzite twinning
leads to the formation of CdTe bipods, tripods, and tetrapods [26].
Similar crystal growths driven by multiple crystal twinning apply
to the formation of MnS bipod, tripod, and tetrapod [27] and
branched Cu2O nanoparticles [28]. Formation of nuclei followed
by growths of branches on nuclei to afford multipods is quite
common, as further proven by the syntheses of ε-MnO2 nanos-
tructures with three to six branches grown on nuclei formed in situ
depending on reaction parameters [29]. In all of them, the crystal
habits and reaction conditions play determining roles in shaping
nuclei and directing the subsequent branch growths.
In order to prepare structures with novel morphologies, bigger
0D nano/microparticle with designed structures and chemical
compositions are grown ﬁrst and then used as cores to support
further branch growths. Fig. 1b illustrates the growth of ZnO
nanorods on Ag truncated nanocubes [30]. Ag truncated nanocubes
were prepared ﬁrst and then immersed in hydrothermal reactions
between Zn(NO3)2 and hexamethylenetetramine (HMT) for ZnO
branch growth. Each Ag truncated nanocube ( 150 nm in
diameter) consists of eight {111} facets and six {100} facets and
all four ZnO nanorods were selectively grown on {111} facets due
to the good lattice match and symmetry match between the
corresponding planes of ZnO and Ag, and the direct interfacing
of the Zn layer with Ag that could initiate the formation of the ZnO
lattice. The use of metal nanoparticles as nanocores to graft
semiconductor nanowires/rods also applies to the syntheses of
multipods of Au–, Ag–, and Pd–PbSe [31], etc. As another
example, cuboctahedral Cu2−xSe (10–15 nm in diameter) nanocrys-
tals of cubic berzelianite phase were ﬁrstly prepared [32] and
injected into reactions of preparing CdS nanoparticles [33]. The Cu2
−xSe seeds underwent cation exchanges to form cubic sphalerite
CdSe seeds that inherited the original cuboctahedral shapes. Fast
growth along eight {111} facets of each cuboctahedral CdSe seed
led to the formation of octapods with CdSe core and eight CdS legs.
For all the multipods discussed in the above, the nanocores onto
which branches were grown are crystalline. Fig. 1c illustrates the
use of amorphous SiO2 microspheres as cores for further grafting of
ZnO microrods. SiO2 microspheres were prepared ﬁrst [34] and
immersed into hydrothermal reactions between Zn(NO3)2 and HMT
[35]. Different numbers of ZnO microrods could be grafted onto
each microsphere and the SEM image of a decapod is shown in
Fig. 1c (right). The surface of SiO2 microspheres could be largely
covered by either Si–OH or Si–O–Si groups [36] both of which
could coordinate to Zn2+ cations in the solutions. The coordinated
Zn2+ ions then reacted with OH− groups that were released from the
hydrolysis of HMT, leading to the formation of ZnO microrods on
Fig. 1 3D complex structures grown on 0D cores: from multipods, to ﬂower-like structures, and to spheres. Schematic representations of the
formation and TEM image of CdTe tetrapods (a), SEM images of the heterostructure of four ZnO nanorods on Ag truncated nanocubes (b), the
heterostructure of a few ZnO nanorods on SiO2 microspheres (c), a hexapod with ZnO microrods on Fe3O4@SiO2 microsphere (d), ﬂower-like
ZnO microstructure (e), and urchin-like CuO microstructures (f). (a) Reproduced with permission from Nature Mater. 2 (2003) 355–356 and
Nature Mater. 2 (2003) 382–385; (b) from J. Am. Chem. Soc. 131(34) (2009) 12036–12037; (c) from Smart Mater. Struct. 15(2) (2006) N46–N50;
(e) from Proc. Natl. Acad. Sci. U.S.A. 107(31) (2010) 13588–13592; (f) from Mater. Res. Bull. 43(3) (2008) 771–775.
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into “spiky” structures as prepared above, we recently succeeded in
grafting ZnO microrods onto the surface of Fe3O4@SiO2 core–shell
microspheres (Fig. 1d). Fe3O4 microspheres with permanent mag-
netism were prepared ﬁrst [37] and then coated with SiO2 shell
through modiﬁed Stöber process [38]. Then the resulting Fe3O4@-
SiO2 core–shell microspheres were immersed into similar hydro-
thermal reactions between Zn(NO3)2 and HMT for grafting ZnO
microrods. It is also believed that the Si–OH or Si–O–Si groups on
SiO2 shells attribute to the nucleation and further growth of ZnO
microrods. In many cases, many 1D nanowires or nanorods were
grown on 0D nanocores, which could be nuclei or as-grown spheres
or polyhedrons, to form ﬂower-like structures. Fig. 1e illustrates the
formation of the ﬂower-like assembly of Al-doped (2–3.5%) ZnO
microrods [39]. A solution containing Zn(CH3COO)2, Al(NO3)3,
and NaOH in mixed solvent of water/ethanol (1/1) was sonicated
ﬁrst and then transferred to a Teﬂon-line autoclave for solvothermal
synthesis. Cores ﬁrst nucleated out and ZnO nanorods were grown
on them from many directions. The nature of the inside core is not
well understood yet. Such kinds of ﬂower-like semiconductor
assemblies include binary compounds such as TiO2 [40], Fe2O3
[41], SnO2 [42,43], ZnO [44], CdS [45,46] CdSe [46,47], and
tertiary compounds such as PbTiO3 [48], β-AgVO3 [49] In addition
to the use of 1D nanowires or nanorods as the building units, 2D
structures such as nanoplates/sheets could be grown on nuclei from
many directions to form ﬂower-like structures [50]. As-grown 0D
structures either crystalline or amorphous could be used as
nanocores to grow many branches to afford ﬂower-like structures
such as Au–CdSe and Ag–CdSe [51], SiO2–ZnO [35]. There are
some ﬂower-like structures, either similar to or different from theﬂower-like structures discussed here, the formation mechanisms of
which are not completely understood yet [52].
Sphere-like structures would be obtained if branches were
grown at all directions. Fig. 1f illustrates the formation of CuO
urchin-like nanostructures that were prepared via a hydrothermal
microwave route using polyethyleneglycol (PEG), Cu2+ ion, and
NH4OH as starting materails [53]. Firstly, the reaction between
Cu2+ ion and NH4OH in the presence of PEG led to the formation
of initial nuclei that were adsorbed by PEG through OH- groups.
The resulting particles served as cores onto which CuO NWs were
grown at all directions to afford CuO urchin-nanostructures. The
mechanism applies to the formation of other microspheres [54] and
hemispheres [55] with the help of self-assembly processes in some
cases. This kind of sphere-like heterostructures could also be made
by grafting 1D nanowires/nanorods from all directions onto
preexistent spheres of same or different chemical compositions
such as γ-Fe2O3@SiO2 core–shell [56], polystyrene [57], Zn [58],
ZnO [59], Al2O3 [59], etc.3. Nanostructured 3D complexes grown on 1D-, 2D- and
3D-nanostructures
1D nanostructures (rods, wires, and tubes) have been the most
widely used building units of 3D complexes and they could be
used as backbones or branches grown on other backbones. Fig. 2a
shows the scheme of growing 1D branches onto 1D backbones.
Fig. 2b shows the SEM image of an array of the carbon-nanotubes
(CNTs)-ZnO heterostructure in which each CNT is covered by
densely packed ZnO nanowire arrays (inset in Fig. 2b) [60].
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[61] and then coated with a thin ﬁlm of ZnO by radiofrequency
sputtering coating. Subsequent hydrothermal reaction in a solution
saturated with Zn(OH)4
2- led to the grafting of densely packed ZnO
nanowires onto each CNT. The coated ZnO ﬁlm attributes to the
nucleation and further growth of dense ZnO nanowires. Other
nanowires such as CdSe nanowires were also grown onto CNTs
[62] and 1D structures were could be grafted onto other nanotubes
such as α-Fe2O3 nanotube [63] and ZnO microtube [64].
Semiconductors of 1D nanowires or nanorods such as Si [65–67],
ZnO [68–70], TiO2 [71–76], SnO2 [77], Fe2O3 [78], WOx [79,80],
have been widely used as backbones onto which 1D or 2D structures
of same or different chemical compositions have been grafted. Fig. 2c
shows the SEM image of a structure composed of a ZnO microrod
with secondary branches. ZnO microrods with well-deﬁned hexago-
nal crystallographic planes were ﬁrst deposited onto a glass substrate
when a substrate cleaned with wet chem wipes was put into a vial
containing Zn(NO3)2 and HMT for hydrothermal reaction. Then the
glass substrate with ZnO microrods was immersed into an aqueous
solution containing Zn2+ ions and certain concentration of diamino-
propane at 60 1C for a few hours. Diaminopropane could control
branch nucleation and growth by affecting the ZnO solubility through
the formation of Zn-diaminopropane complexes and pH [81]. Each of
six side surfaces is entirely covered by layers of ZnO nanorods [82].
The densities, diameters, and lengths of the nanorods could be tuned
by controlling the concentration of diaminopropane and reaction time.
Actually, similar branch growth patterns but with less densely packed
branches were also prepared. The coverage of branched materials on
backbone structures could be affected by other factors such as
densities of pre-deposited seeds [83], their lattice mismatch [74],
reaction parameters, etc.
In addition, metal nanowires or nanorods could also be used as
backbones to grow semiconductor nanobranches [84] or grown
onto semiconductor nanowires [83]. Besides the above-discussed
widely studied semiconductors, 1D nanowires or nanorods of other
semiconductors were also employed to build 3D complexes [85].
Fig. 2d shows the heterostructures of MnMoO4 nanowires with
CoMoO4 nanobranches. MnMoO4 nanowires were prepared ﬁrst
and then CoMoO4 nanobranches were grafted through self-
assembly and “oriented attachment” mechanism [86]. CoMoO4
nanoparticles with high surface energy and thermodynamics
instability linked to adjacent particles so that they had the same
crystallographic orientation. CoMoO4 nanoparticles could also
attach to the surface of MnMoO4 nanowires to further decreaseFig. 2 3D complex structures composed of 1D structures (tube, rod, wire)
(b) SEM of an array of ZnO nanowires on CNTs (inset is the SEM imag
microrod with ZnO secondary nanobranches; (d) CoMoO4 nanobranches on
(2006) 1036–1040; (c) from J. Am. Chem. Soc. 128(33) (2006) 10960–10surface energy due to their good lattice match. For the same
reason, the lattice fringe’s orientation of CoMoO4 nanoparticles
and the direction of further crystal growth onto MnMoO4
nanowires were uniform to some extent. 1D semiconductor
nanowires were also grown on 1D structures of bigger dimensions
even to macroscopic scales such as carbon ﬁber [87], Kevlar ﬁbers
[88], and optic ﬁbers [89] to achieve speciﬁc functionalities.
On the basis of the above structures, further increasing the orders
of topological complexity could result in the formation a family of
structures called “dendrites” that are of great importance due to
their functionalities and wide potential applications [90–94].
A dendrite refers to a structure that has a primary stem from which
secondary, tertiary, or even higher order side branches grow out
[95]. Dendrite micro/nanostructures of different semiconductors
such as PbS [96], Cu2O [97], ZnSe [98], CdTe [47], α-Fe2O3 [99],
γ-Fe2O3 [100], Fe3O4 [100], ZnO [101–104], and TiO2 [105–107]
were prepared in a controllable fashion. Snowﬂakes structures also
belong to the family of dendrites [108]. Fig. 3a illustrates the
stepwise formation of dendrite crystals of α-Fe2O3 that were
obtained by heating aqueous solution of K3[Fe(CN)6] of a certain
concentration in a Teﬂon-sealed autoclave at suitable temperatures
for 2 days [108]. The slow dissociation of Fe3+ ions from [Fe
(CN)6]
3- ions under hydrothermal conditions played a vital role in
the crystal growth process. The growth along [1100] was much
faster than all the other directions, resulting in the formation of
needles. Subsequent growth along two crystallographically equiva-
lent directions (i.e. [1010] and [0110]) led to the formation of
secondary branches on both sides of each needle. As crystal growth
continued, tertiary branches could grow on secondary branches and
quaternary branches on tertiary branches. In the whole growth
process, the stem and branches at all orders became thicker and
longer and eventually interconnected with each other to form the
micro-pine dendrite structures. There are also some dendrites [109–
110], the formation mechanisms of which need further exploration.
In the formation of above-discussed complex structures grown on
1D backbones, branching from the sides of trunks and higher order
branches dominates. Milliron et al. demonstrated the selective
branching from two ends of a nanorod or four tips of a nanotetrapod
(Fig. 4) [25]. Starting CdSe nanorods (Fig. 4a) were prepared and
Te dissolved in tri(n-alkylphosphine) were added to solutions
containing CdSe nanorods to induce further growth of CdTe in
the presence of excessive Cd species. Wurtzite CdTe could nucleate
at one end of a CdSe nanorod, assisting the linear extension of CdTe
nanorod at one end. Simultaneously, zinc blende CdTe couldgrown on 1D backbones. (a) Schematic representation of the structures;
e of ZnO nanowires on one CNT at higher magniﬁcation); (c) a ZnO
MnMoO4 nanowires (d). (b) Reproduced from Nanotechnology 17(4)
968; (d) from Nature Commun. 2 (2012) 381.
Fig. 4 3D complex nanostructures formed by selective branching from two ends of each nanorod or four tips of each nanotetrapod. (a) The
starting CdSe nanorods; (b) branched rods resulting from nucleation of CdTe on both ends of CdSe nanorod. A CdTe zincblende region at one end
creates the branch point; (c) the starting CdSe nanotetrapods; (d) branched tetrapods resulting from nucleation of CdTe zincblende branch points on
tips of nanotetrapods. Reproduced with permission from Nature 2004, 430, 190–195.
Fig. 3 (a) Schematic representation of the formation process and (b) SEM image of fractal dendrite crystals of α-Fe2O3. Reproduced with
permission from Angew. Chem. Int. Ed. 44(27) (2005) 4197–4201.
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growth of CdTe tripod at the other end (Fig. 4b). Similarly, starting
CdSe nanotetrapods (Fig. 4c) were prepared ﬁrst, which was
followed by selective nucleation of zinc blende CdTe on all the
tips of CdSe nanotetrapods. Sequential growth of wurtzite CdTe
induced growth of CdTe tripods at tips of CdSe nanotetrapods
(Fig. 4d). This mechanism also applies to formation of highly
branched Labyrinthine-shaped CdSe nanostructures [111].
Structures of higher dimensionalities such as 2D nanoplates
or nanosheets could also be deposited onto 1D backbones
[68,72,73,85]. Besides 1D structures, 2D structures [112–115], such
as discs and plates were also used as supports to grow 3D complex
structures. Fig. 5a illustrates the stepwise growth of α-Fe2O3–SnO2
nanocombs (Fig. 5c) by grafting SnO2 nanorod arrays onto both
sides of α-Fe2O3 nanoﬂakes (Fig. 5b) [115]. α-Fe2O3 nanoﬂakes
were prepared ﬁrst by annealing a cleaned Fe foil at 400 1C and
then the substrate was immersed into aqueous solution Na2Sn(OH)6
for hydrothermal reactions. SnO2 nanorods were grown on (7001)
planes of Fe2O3 nanoﬂakes through epitaxial growth due to the
good lattice match between the corresponding planes. 3D structures
such as nanotetrapods [116] were also used as supports for further
growth 3D complex structures.4. Multistep syntheses of nanostructured 3D complexes with
higher orders of topological complexity
In previous sections, we discussed nanostructured 3D complexes
that were prepared in no more than two reaction steps even thoughtheir formations could take a few steps. In one case, nuclei form
ﬁrst and growths of complex structures from nuclei follow. In
another case, 0D, 1D, 2D, and 3D starting structures are prepared
ﬁrst as nanocores or supporting materials for further growths of
complex structures (in some cases, seeding on the starting
structures is necessary for further growths). In order to make
structures with higher orders of topological complexity, the
method of “multistep (n≥3) sequential nucleation and growth”
has been employed and received considerable attention. Fig. 6a
illustrates this strategy to prepare the micropatterned array of
tertiary ZnO “cactus” structures through four growth stages on a
micropatterned substrate [117]. The ﬁrst step involved the creation
of patterned nucleation sites on a Ag substrate through micro-
patterning, which was followed by growth of oriented nanorods
from the nucleation sites. Subsequent growths of secondary
branches from the primary nanorods and tertiary branches from
the secondary branches led to the formation of patterned arrays of
ZnO “cactus”. Fig. 6b and c exemplify “engineering” the complex
structures by tuning the orders of adding structure directing agents
(SDAs) [82], which can greatly enrich the database of complex
structures prepared through the “multistep sequential nucleation
and growth” method. For the syntheses shown in Fig. 6b, ZnO
microrods were ﬁrst deposited onto a glass substrate and then the
substrate with microrods was immersed into an aqueous solution
of Zn2+ and diaminopropane to grow structures of microrods with
secondary nanobranches. Diaminopropane directed both the
nucleation and growth of secondary nanobranches [81]. Then the
substrate was immersed into an aqueous solution of Zn2+ and
citrate ions for grafting tertiary nanoplates. Tertiary nanoplates
Fig. 5 (a) Schematic representation of the formation of nanocomb-like heterostructure of SnO2 nanorods on Fe2O3 nanoﬂakes; (b–c) SEM images
of starting Fe2O3 nanoﬂakes (b) and nanocomb-like heterostructure of SnO2-Fe2O3. (c). Reproduced with permission from Nanoscale 4(15) (2012)
4459–4463.
H. Zhou, Z. Ryan Tian278were grown onto both the primary microrod and the secondary
nanobranches. Citrate ions tended to induce the growth of
nanoplates [118] since citrate ions could preferentially adsorb
onto the basal planes of ZnO [119] and thus inhibit the
growths along {1000} directions. In contrast, when citrate ions
were added in the secondary growth and DAP in the tertiary
growth, both the secondary structures and the tertiary structures
obtained (Fig. 6c) differ dramatically from those obtained in the
previous case. The two kinds of 3D tertiary structures may barely
ﬁnd any analogs in nature. Multistep nucleation and growth have
also proved successful in preparing many unprecedented structures
such as wagon-wheel-like ZnO crystals and multilayered ZnO
structure composed of alternating layers of ZnO microrods and
microplates [117].
Beside crystal growth, selective dissolution could be integrated
into the above-mentioned “multistep sequential nucleation and
growth” method to further increase the complexity orders and
diversity of 3D complexes. Fig. 7 exempliﬁes selective dissolution
as a power method in preparing 3D complexes with novel
morphologies [120]. CdSe nanotetrapods (Fig. 7b) were ﬁrstly
prepared [121] and encapsulated with silica shells [122] to
afford silica-coated CdSe nanotetrapods which were easily dis-
persible due to their unique morphologies and colloidally
stable in aqueous solutions due to the silica coating. The inner
silica shells were then removed by dilute HF with optimized
concentration after proper etching time while the outer shells
remained intact due to the inhomogeneous nature of silica shells
since the outermost layers possess higher degrees of Si–O cross-linking and thus higher stability against etching [123]. Then Pt
nanoparticles were decorated onto CdSe nanotetrapods, which
would be impossible without removal of the inner silica
shells since the intimate contact between CdS and the silica
shells would inhibit nucleation and growths of Pt nanoparticles. Pt-
nanoparticles-decorated CdSe nanotetrapods within hollow
SiO2 interiors, when exposed to Ag
+ or Pd2+ solution for 1 h,
underwent further cation exchange to afford Pt-nanoparticle-
decorated Ag2S or PdS nanotetrapods within hollow SiO2 interiors
(Fig. 7b).5. Nanostructured 3D complexes from templateless
self-assemblies
Self-assembly of as-grown nanocomponents is another powerful
method to grow nanostructured 3D complexes. Fig. 8a illustrates
the schematic formation of a chain from self-assembly of CdSe
octapods [124]. CdSe octapods (Fig. 8b) were prepared ﬁrst
following previous published procedure [33] and dispersed in
toluene. Since the van der Waals attractions between octapods are
slightly stronger than that between octapods and toluene, octapods
then interlocked each other to form chains (Fig. 8c) within each of
which each octapod is tilted by 451 with respect to its nearest
neighbors (Fig. 8a). Addition of acetonitrile into a toluene solution
of CdSe octapods boosted the attraction between octapods and
between chains, thus guiding further assembly of chains into 3D
micrometer-sized superstructures of octapods (Fig. 8d and e). This
Fig. 6 Three kinds of 3D complex structures prepared using the method of “multistep sequential nucleation and growth”. (a) Scheme of the formation
and SEM image of tertiary ZnO “cactus” structures; (b–c) Schematic representations of the formation and SEM images of two tertiary ZnO structures with
novel morphologies by switching the orders of adding DAP and citrate as structure directing agents (SDAs) in secondary and tertiary growths.
(a) Reproduced with permission from Adv. Funct. Mater. 16(3) (2006) 335–344; (b) and (c) from J. Am. Chem. Soc. 128(33) (2006) 10960–10968.
Fig.7 Addition of selective dissolution to the method of “multistep sequential nucleation and growth” to increase the diversity and complexity
orders of 3D complex structures. (a) Schematic representation of the stepwise growth of complex metal-semiconductor heterostructure through ﬁve
steps; (b–c) TEM images of the starting CdSe tetrapod (b) and Pt-nanoparticle-decorated PtS nanotetrapods within a hollow SiO2 interior (c).
Reproduced with permission from J. Am. Chem. Soc., 134(21) (2012) 8754–8757.
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assembled in a similar way as those molecular building units have
been assembled to afford metal-organic-frameworks (MOFs) withmany kinds of complex structures [125]. This direction should be
paid much attention in later syntheses of nanostructured 3D
complexes.
Fig. 8 3D hierarchical structures prepared from self-assembly of CdSe octapods. (a) Schematic representation of the assembly of CdSe octapods
(b, TEM image) into 1D chain (c, SEM image); (d) Schematic representation of the assembly of 1D chains into 3D clusters (e, SEM image). (b)
Reproduced with permission from Nano Lett. 10(9) (2010) 3770–3776; and others from Nature Mater. 10 (2011) 872–876.
Fig. 9 Large scale integration of arrays of crossed nanowires through the combination of Langmuir–Blodgett technique and photolithography. (a)
Schematic representation of the stepwise assembly of 1D nanowires into 3D arrays of crossed nanowires; (b) SEM image of patterned arrays of
crossed nanowires. Reproduced with permission from Nano Lett. 3(9) (2003) 1255–1259.
H. Zhou, Z. Ryan Tian280Scientists have also tried other kinds of methods to assemble
nanocomponents into 3D complex structures. For example, the
Langmuir–Blodgett (LB) technique [126] was used to organizeinorganic nanorods into 2D and 3D assemblies [127] and prepare
large area nanowire masks for deposition and etching [128].
Whang et al. further combined LB technique and photolithography
Recent advances in multistep solution nanosynthesis of nanostructured three-dimensional complexes of semiconductive materials 281to organize nanowires into arrays of crossed nanowires/nanotubes
structures over large areas (Fig. 9) [129]. A nanowire-surfactant
monolayer (blue lines) on an aqueous subphase was compressed
on a Langmuir–Blodgett trough to a speciﬁed pitch (Fig. 9a). The
aligned nanowires were then transferred to the surface of a
substrate to afford a uniform parallel array upon which a second
layer of aligned parallel nanowire array (red lines) was put
perpendicular to the ﬁrst layer, resulting in the formation of
crossed nanowires structures. If combined with photolithography,
the two layers of nanowires could be arranged orthogonally to
afford patterned arrays of crossed nanowires arrays (Fig. 9b).
Electric-ﬁeld was used to induce the formation of crossed
nanowire arrays with lower complexities [130], showing its
potential in organizing simple nanowires into 3D complexes
especially if combined with other methods.6. Nanostructured 3D complexes from template-assisted
nanogrowths
Another important strategy to prepare nanostructured 3D com-
plexes is template-assisted growth and the template could be soft
or hard. Soft templates have been used to prepare many kinds of
3D complexes of semiconductors [131,132]. Conventional hard
templates such as mesoporous silica templates with uniform pores
have been used to successfully prepare 3D complexes of semi-
conductors [133,134]. In order to increase the complexity of
the assembled 3D structures and enhance their functionalities,
Rauber et al. developed a direct synthesis of highly ordered
large-area nanowire networks assisted by hard templates [135].
Fig. 10a illustrates the scheme of the template fabrication and
formation of a 3D complex nanowire network. A polycarbonate
membrane was ﬁrst irradiated by Au and U ions in several steps
from different directions in a designed way as indicated by the
angles (α) and then etched by aqueous NaOH solution, resulting in
the formation of a 3D network of cylindrical nanochannels.
Then CdTe nanowires were ﬁlled up the nanochannels through
electrodeposition. Subsequent removal of the polymer matrix
afforded a freestanding 3D CdTe nanowire network (Fig. 10b)
that demonstrate excellent electrical transport properties and
efﬁcient access of reactants to catalytic centers due to their
porosity. This newly developed method allows good control ofFig. 10 A 3D complex nanowire network with designed patterns prepar
template fabrication and formation of the complex network; (b) SEM of a C
11(6) (2011) 2304–2310.various parameters such as size, shape, chemical composition,
orientation, and complexity of the macroscopically stable nano-
wire networks.7. Summary and outlook
In summary, we have discussed recent progresses in multistep
solution syntheses of nanostructured 3D complexes with fascinat-
ing morphologies. The structures are classiﬁed by the different
combinations of nanocomponents with different dimensionalities,
the orders of the topological complexities of the ﬁnal structures,
and synthetic methods. 1D nanocomponents have been found to be
most frequently used either as backbones, grafting materials, or
basic building units for assembly methods. The use of 2D and 3D
nanocomponents for further growths and assembly methods could
help grow nanostructured 3D complexes with higher orders of
topological complexity. And most of the structures reported so far
contain one or two chemical compositions and most of them are
secondary or tertiary structures. Nanostructured 3D complexes
containing more chemical compositions and having higher orders
of topological complexity should be pursued since they might
demonstrate better or even unprecedented functionalities. All the
synthetic methods could be combined in different ways and new
synthetic methods should be developed.
For all the proposed future research directions, the syntheses of
nanostructured 3D complexes should be functionality-driven so
that these 3D complex structures could ﬁnd technological applica-
tions, which is crucial to the success of nanoscience and
nanotechnology. For doing so, scientists and engineers need to
pin down the exact growth mechanisms of many reported
structures. They also need to correlate structures and functional-
ities, which is a daunting task since many factors such as overall
topologies, organizations and orientations of nanocomponents,
synergistic effects from different nanocomponents, surface states,
junctions, etc. all play important roles in affecting the functional-
ities. System-level planning of experimental efforts and theoretical
modeling [136] should help scientists and engineers understand the
structure–functionality correlations and predict, design, and pre-
pare structures with higher orders of topological complexity and
improved/new functionalities.ed from template-assisted growth. (a) Schematic representation of the
dTe nanowire network. Reproduced with permission from Nano Lett.
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